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Background

Beautiful new data from JLab on the form factors

‘<@ =

Lots of excitement about the decrease in the ratio R, = 6¢,/6y,
with G2
? Enter Jerry Miller, John Ralston, and the workshop of May 2002

* Deformed protons !ll!

* lack of helicity conservation Il
* USA Today, Science News !l

* Great discovery Il

?  Whats going ON IlI?

*
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*G. Miller, Phys. Rev. C 68, 022201(R) (2003)
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Physicists thrown for a loop ; New insight on protons changes the shape of things;
[FINAL Edition]
Dan Vergano. USA TODAY. McLean, Va.: Sep 23, 2002. pg. D.07

Copyright USA Today Information Network Sep 23, 2002
Science and education

The humble proton, an atomic particle with mysteries long thought solved, turns out to have a hidden
secret, scientists report.

Experimental results released this year by the Department of Energy's Jefferson Lab in Newport News,
Va., have upturned the normally placid world of nuclear physics with the suggestion that protons, the
positively charged particles found in the center of every atom, aren't round. Instead, they seem
somewhat elliptical.

The round proton has been a staple of textbooks for 40 years, tied to the theory that protons and
neutrons are built of three smaller particles called "quarks" slowly bubbling inside their interiors.

What difference does it make whether protons are round or elliptical? Plenty, physicists say. Adjustments
in protons and neutrons could affect scientific understanding of the magnetic "spin" of atoms. Scientists
hope to use "spintronics" in future computers and tiny "nano-scale" devices. Understanding the
fundamental shape of particles will affect those application’s success.

At a Jefferson Lab meeting in May, about 60 nuclear physicists met to debate the "crisis," in the words of
physicist John Ralston of the University of Kansas, over the odd shape of the proton.

At the May meeting, a consensus emerged that Einstein's theory of special relativity, which explains how
things moving near the speed of light have smooshed lengths and increased mass, seemed the likeliest
explanation for the weird experiment results.

"The new thing we've figured out is that quarks are moving around inside the proton at relativistic (near
speed of light) speeds," says physicist Gerald Miller of the University of Washington- Seattle. Quarks
moving at those speeds simply elongate the particle's electromagnetic shape, Miller says. In a paper in
the journal Physical Review C, he outlines how quarks moving at high speeds, about 90% of the speed
of light, stretch out protons.

"The proton is the simplest thing around, and it is not spherical," says physicist Charles Glashausser of
the Rutgers University campus in Piscataway, N.J. The neutron, the uncharged partner-particle to the
proton in the nucleus of atoms, also is built of quarks, he notes.
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WHAT'S GOING ON?

? A spin1/2 object cannot have a quadrupole deformation!

(Unless it is deformed in the sense of the transition nuclei, described by
Bohr and Mottelson.* In this case there will be rotational bands and large
electromagnetic transition rates, not seen.)

#  Talking about such things could make the lab look foolish, or we could waste
our time arquing about what we mean. It matters (confusion and ethics).

Can the data be explained using standard physics?

@ =

To remove the danger of making a mistake about shapes, we MUST
be sure rotational invariance is treated exactly.

(The light-front formalism does not.)

*See: Buchmann and Henley, PRC 63,015202 (2001)
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There are many choices of relativistic theory

Relativity

with a fixed number of particles

Hamiltonian dynamics

suppress negative energy states
loose locality and manifest covariance

Field dynamics
(motivated by field theory)

manifest covariance and locality

include negative energy states

Point Front

form form

Klink Carbonell
Salme

GRee
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Equal Time (ET) manifest covariance

Arenhovel BSLT*  PWM' SBlethe
Schiavilla alpeter

Instant — ,—l—\ I
form I
Spectator

*Blankenbecler & Sugar, Logunov & Tavkhelidze
"Phillips, Wallace, and Mandelzweig
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Hamiltonian dynamics: Dirac classifications of 1947

Some of the Poincaré transformations are
kinematic; others involve the dynamics

@ Plane for'mS t —a zZ = O @ Hyper'bO“C for‘ms [ t — \/(rZ _|_ aZ) ]
-1<a<l

a = 0: point form on the light cone

a =1: front form continuous a = 00: instant form

a < 1: instant form ¢+4 : Limit not
7+3

light front light front light front light front
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Field dynamics has a connection to field theory

? The Bethe-Salpeter amplitude is a well defined field theoretic matrix

element: )
P(x,5) =0 T )w))ld) | >
# The covariant spectator amplitude is a/so a well defified field

theoretic amplitude:

p Equa’r%ﬁn?fb) ﬁ\g%Jh‘eﬂ-gj\&lgeLgQ and the covariant| gectator™

amplitudes can be derived from field theory

* Both are manifestly covariant under a// Poincaré transformations
* Both incorporate negative energy (antiparticle) states

*0O. W. Greenberg’s "n-quantum approximation"
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The Model
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The nucleon wave function (1)

?  The nucleon consists of 3 constituent quarks (CQ) with a size, mass,
and form factor given by the dressing of the quark in the sea of
gluons and g&pairs.

? Using the spectator theory, the nucleon is described by a 3-CQ
vertex function with two of the CQ on shell

(1 )

——]

ps{—x— r P qj“:km—ﬁ—l}?J Fﬂ(P’pS)

?  Confinement+ slres that this vertex function is 2éro when all three

quarks are on shell (i.e. there is no 3q scattering)

>E =0 Hence, model ¥ directly
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The nucleon wave function (2)

P Spin-isospin structure of the NR nucleon wave function
* Fermion antisymmetry comes from the color factor
* Assume a simple, fully symmetric S state spatial wave function
* Then spin-flavor wave function is fully symmetric
* Innonrelativistic theory, the proton wave function is

1
gg = ﬁ(“zag - dzu3)

1
‘PT>=ﬁ{CDOF(JF%)CDEG%)JFCDIF(+%)CD15(+%)} (A1 —
23 = Uplis
O (+1)=u & 0 (+1)=3d, & - Ju, & =180 Ly, + dyuy)
hence, suppressing the 1,2,3 quark labels 1l _ g4
(923 2¢3
). (+%)Cl)g (+%)= u' %[qui —w'd —d'ut +d"u
@, (+%)CI)§ (+%)= 2du'y’ - 1d' (uTu¢ +utu' - lut (quT + dTuT)
and +1y" (quL +du +u'd +dTu¢)
/ ' N\ \
‘p T> = % {ZuTuTa’i +2u'd'u +2duu —uutd - ud N - dN - dTut —utdtd - utd }
\ J (S J
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The nucleon wave function (3)

?  Spin-isospin structure of the NR nucleon wave function (cont'd)
* introduce a matematically compact form

1 ; I ; (1) L (0)
m-pllarlerl-learlear]  #-(1] -
V2 scalar spin 3 axial vector spi LOJ LIJ
scalar flavor vector flavor
diquark diquark

? Relativistic wave function, including spin-flavor structure

e %{M“ ()" 2" v (Pop ) %(75}7)a,3 uy(Pos) o' 2" i (Pop, )}
(0,0) diquark (1,1) diquark

. scalgr spin - scalar flavor, . . axial vector spin - vector flavor
# when P =0, this reduces to the nonrelativistic form

—
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Relativistic impulse approximation for the form factors (1)

In the spectator theory, the photon couples to the off-shell quark, and
because of the symmetry, the coupling to all three quarks is 3 times the
coupling to one

approxumate the two spectator quar‘ks
—q by a single diquark with a fixed mass

N
_ 3 d’ p @
J7r=u(P, A : Voo (P,p, )Woo (P, ps quark currents
' ( ) (277 )’ E\(ﬁ 00 ) 00( with form factors
/: i - /
integrate over !

the (on-shell) —57 Wi 7 B (op Y (Bop ) (P 2)
spectator three

e
I
~
I+

l\é.—.

‘<
I

momentum " sum over the vector diquark, using )
N _/
— psvpsv'
vanv' = Al/l/' — _gvv' + —2
m
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Relativistic Impulse Approximation for the form factors (2)

? Do the Dirac and isospin algebra to get

NP e .
(Q ) I(Z ) 2F. ( ){¢0¢0]1+§¢1 h (J3R1_]4R2 79 )}

R3] G i

§¢1+¢1_ (j3R2 +j4R3 )}
where all variables are dimensionless p. = m«x, E (x)=1+x>,0,=0/ M,

and the wave functions are vy, (P., p, )= ¢,
N, |

¢(J)_r = " " 4 and I
('31_2+®\Xﬂ2_2+® ) (1+102)R = 3+2¢" +10 (1« sin” )

g = 6 ¢; Why this factor? (1+50)R =245 (3-cos’0)

2+(®—)2 N R, :1+K2(1+00820)—£ ng/

— (P,
with ©F = +mM( ps) =2E (K)\/1+4Q0 +xQ, cosd
SAYEYA
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Normalization and shape

? To find the shape and normalization, compute
0 Ay — N d3ps 0 2
Jl(q_ O)_M(Pa /l ) EI(2E)32ES(pS {(%+%T3)7 WOO (Paps)
1

_57/ y T( T2 73)7 z'?/5?/VAW‘//11(P ps)} (P /1)

with P={M,0}, u(P, 1) = L JM . Then the densities are u(P, ")y u(P,2)=46,.,
and —u(P, Ay 7’y 'y r" A, u(P, A)

:zj(P,/l'){—)/VVOh 2L L. }u(P =2+ E W+ )5, = (1+2E )5,
Hence, . _(1 _ 1-3)

0 B B é d3ps L 1 (] 2E ; ;\ WOO(P Py
I=0= 3] (27z)32ES(pS){(6 5000 v (P pS)+ f(+in)s Q—"‘—ZErﬁK-l)}
J,(q=0)= 5 (1 ME )51'/1_[ Q7Y 2E.(p.) Voo (Paps) /\ spherical shape

3 2
d’x Ny 2} correct normalization

(27)2E, (i) {(ﬂl ~242E,(c)) (B, —2+2E,(x))
L2 FM/W&M




Quark form factors include vector dominance and a pion cloud

here
?  The quark currents are o
W . ic™g + is isoscalar, and
—_ + —V . .
Jr = NhT Ty — is isovector, and
with 4 form factors: fio=%+f mtf
jl = ﬁ+ + Z-3](1‘— and jl = f1+ + T3f1— féi = %(ﬂuféu a ﬂdféd)

the quark form factors have 9 parameters:

| VDM
[ pion cIOLKd ] /L ter'ms]

\

for Model IT (following): \ ( \
0.823 0.579 0.244 40177

% 1+Q%81 [”Q%.mj
( \ ( \

isoscalar magnetic  f,, = s isovector magnetic f, =| ———
1+ Q/ 1+ Q/
0.386 1.23
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The Parameters and Results
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Results: Overview

P

=2

The form factors data is fit with 11 parameters:

* 1 asympotic value of the £, quark form factors, 4

* 2 nucleon wave function parameters £, and 5,

* 2 quark anomalous moments x, and g

* 2 pion cloud parameters, the strength 1., and its range, A,

* 4 vector monopole dominance scales for the four quark form factors, A;,
e 11 total

The the model automatically normalizes éEp(O) =1land &,(0) =0, by
adjusting the normalization constant (not a parameter) Aj

The 2 quark anomalous moments are determined exactly from the
hucleon anomalous moments

The other 9 parameters are determined my minimizing 2.
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The parameters 1, (exp) = 0.780(25), 7, (exp) @

# Model I fit to data

2
X _ _ 2 )
Aa,mm =1.18, 4=0.230, N;=36.39, r’=0.800, @

B b /in—ﬂd—\//\i—/\lz—\ §+ g— ) ﬂ“ﬂAi

0.057 1125 7.69 0.362 0.245
1.982 _0.837 10.67 1.82 2.15
\_ J L Y,
? Model IT fit to radii
2
X =194, A=0.177, N>=60.87, r*=0.771, r*=-0.106
datum 0 : ? 0 0 Tp . > Iy .
4 N N/ ™
0.069 1126 3.23 0.386 0.244
1543 _0.825 5.81 1.23
SAYARYEAR
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The quark form factors

D f1d(I)

— S (1D)
- =« fi(ID)

-

— f2u(D)
- 'fzd(I)

— /. (11)
0.1 1 10 00— —. f (II)
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The magnetic form factors

? Both magnetic form factors are similar in shape. Better data for

G, @ must!

1.2 -

0.6 -

04l v

/\/\/\
\_/\_/\_/

10

G /

uG

Mn

0.4 L M | L " | P M - L L
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The charge form factors

? The fits to the charge from factors are both excellent.
¢ Prediction: G¢, will change sign at ¢¥ ~ 8 GeV?

0.08

0.06 |-

c i
Wwo.04

0.02

0.00
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The F2/F1 puzzle for the proton

? QFy,/ Fyy, is indeed flat, but this is an accident; The asymptotic value
will not Be reached until Q2 ~ 100 GeVz2.

— , L 10.0 — e
7.06/0 GeV™ L
Lor 0 i} - 7.06 GeV?
7~ - T (\ﬁ\ L
% 0.8 S
Q )
v&o.a =
LL 8
3= L;Q
\&"04_ ~o 1.0
w 5 :
LL
O AN
(@
0.2 b1 Ll o . o . o
Q (GeV) 10 1 10 100

Q” (GeV?)
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Comparisons (light front theory)

0.8 -
5, 08 i - G. A. Miller,
S o4 ] Phys. Rev. C 66, 032201(R) (2002)

" O MIT-Baes: p(e.ep) [21]
02| © Mainz: ple.ep) [23]
o JLabiploep) 2224 | . —— F. Cardarelliand S. Simula,

O s 3 4 5 % Phys. Rev. € 62, 065201 (2000)

n T T T T
0.4 Symbols as in Fig. 3

— - Light-Cene Diguark: [26]_
—-= Light-Front OGE: [29]
| A e — Light-Front CBM: [28]
01 WF* T — VMD + pQCD: [30] -
7 T« PESA GBE: [27]
- - = Chiral Soliton: [25]
| | | |

0 0.5 1 15 2 25 3 35
Q® [(GeVic)]

YY)
:@W 9@“4 Franz Gross - JLab/W&M

\ANAD/



Comparisons (vector dominance)

? Bijker and Iachello, Phys. Rev. C 69, 068201 (2004)

Original model (IJL, 1973) fails, and new fit gives different prediction
for &g, |

? Lomon, Phys. Rev. C 66, 045501 (2002), gives similar result for &

o
T 15} ]
Uf 1 &4—-—;7!\
0.5 )
0 5 10
l L
EEF 0.5
&
0
=
0 5 10 0 10

5
2
Q@ [GeViey] Q* [(GeVre]
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Discussion and Implications

? The data do not require the proton to be deformed!

* This is forbidden by quantum mechanics (unless there are rotational bands).

* This model is a counter example to claims that the data cannot be explained
by a spherical proton

? The data do give interesting new information about the CQ form
factors, and tell us about the proton wave function.

=&

The model is so simple that it can be used to study many phenomena
near the quark-hadron transition

# Predictions

* G, will change sign near ¥ ~ 8 GeV?
* Gy, Will be larger than the older data suggests

#  What does this problem teach us about over-selling JLab's science?
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END
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